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Edited by Robert B. RussellAbstract Microbial organisms are known to rely for osmotic
regulatory purposes on an assortment of low molecular weight
molecules earmarked for function as osmolytes. The so-called
‘compatible’ subclass of osmolyte, notably glycine betaine, is dis-
tinguished by a propensity to avoid the large bound fraction of
cytoplasmic water adsorbed at the surface of biological macro-
molecules. Here we argue that this property is implicated in ther-
modynamic stabilisation of the cytoplasm. A rudimentary
molecular statistical approach indicates that ﬂooding the cyto-
plasm with large amounts of compatible osmolyte is an eﬀective
way to deal with the threat of phase separation.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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separationIt is by now widely recognised that the frequently ‘crowded’
nature of physiological environments at the molecular level
constitutes an integral aspect of in vivo physical chemistry.
This helps to explain otherwise anomalous in vivo peculiarities
of phenomena such as diﬀusion and biochemical activation
processes [1]. However, in the case of microbial organisms, it
also presents something of a conundrum. In crowding their
aqueous interior, the cytoplasm, with vast numbers of proteins
and other biological macromolecules, how do these organisms
manage to avoid congesting, precipitating, or undergoing a
host of related structural instabilities?
A number of authors have focused on the possibility of ther-
modynamic phase separation in particular. Earlier heuristic
arguments [2] have been supplemented recently with more de-
tailed molecular statistical mechanical model which borrow
concepts from liquid state theory. These furnish predictions
of phase instability explicitly as a function of parameters such
as the number of distinct molecular components, their molec-
ular weights, abundance and so forth. The liquid state ap-
proach requires careful qualiﬁcation, however, and is far
from quantitative. Indeed, it is debatable whether the cyto-
plasm can be properly regarded as a liquid at all in the classical
statistical mechanical sense. Nevertheless, from a rough phe-
nomenological point of view, this approach suggests several
plausible explanations as to how overall thermodynamic sta-
bility is maintained. One possibility is that stability is evolu-
tionarily selected; the result of tuning liquid-like global
parameters of the cytoplasm, such as the degree of non-speciﬁcE-mail address: Nicholas.Braun@fagmed.uit.no (F.N. Braun).
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doi:10.1016/j.febslet.2006.01.007attractive interaction between its components [3]. In a con-
trasting idea, Sear and Cuesta [4,5] employ a random matrix
treatment of interactions to demonstrate that stability is fa-
voured in the limit of an increasing repertoire of distinct com-
ponent species, suggesting that the cytoplasm is stabilised in
part by its very complexity.
The aim in this letter is to contribute a further perspective by
drawing attention to the hitherto neglected role of compatible
osmolytes (COs), a diverse group of small organic molecules
long implicated in osmotic regulation; notably glycine betaine,
ectoine, proline, various sugars and polyols [6]. They are com-
patible in the sense that, although often very abundantly pres-
ent in the cytoplasm, any undesirable perturbative impact
which they may have on functional biopolymer interactions,
such as binding to DNA, is believed to be fairly minimal. Their
evolutionary introduction into the cytoplasm is considered
thus to reﬂect a selective trend away from a more primitive
osmoregulatory reliance on inorganic osmolytes, mainly K+
and Na+, which are relatively perturbative.
A series of in vitro investigations, beginning with Arakawa
and Timasheﬀ [7,8] and continuing to the present with recent
work by Cayley and Record [9], has suggested that this non-
perturbative character of COs derives primarily from a low
capacity to displace the hydration shells of biological macro-
molecules. It is not yet clear whether this property is truly com-
mon to COs in general. However, it seems to have at least one
further favourable ramiﬁcation in respect of osmoprotective
function, insofar as it tends to generate a useful increase in
cytoplasmic turgor pressure. To see this, note that the ideal
turgor pressure Posm generated by Nosm osmolyte molecules
increases with the volume Vbound of bound water (i.e., the
hydration shells) from which they are excluded,
Posm=kT ¼ NosmV cyt  V bound ; ð1Þ
where Vcyt denotes the total volume of cytoplasmic water and
kT is the thermal energy. Exclusion from bound water appears
thus to be a selectively desirable CO trait in two principal re-
spects, (i) low interference with molecular recognition; (ii) en-
hanced turgor pressure. These points are appreciated and
discussed in detail for example by Cayley and Record. Let us
now pursue the further possibility that exclusion from bound
water might also entail some deep functional signiﬁcance in re-
spect of sustaining global thermodynamic stability, an idea
which is anticipated to some extent already by Arakawa and
Timasheﬀ [8], who stress a capacity of physiologically relevant
osmolytes to ‘salt in’ certain proteins in vitro.
Towards describing the eﬀect theoretically, we incorporate the
above expression into a wider formulation of turgor pressureblished by Elsevier B.V. All rights reserved.
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Fig. 1. It can be shown straightforwardly that the critical point for
phase separation in this projection is located at V Ccyt ﬃ BN and
NCosm ﬃ NðB=vÞ2. For the calculation we set B = 106 lm3,
v = 106 lm3 (see text), and N = 106, roughly reﬂecting a bacterial
cytoplasm such as that of E. coli. In order to facilitate direct
comparison with the experimental data reported by Cayley and Record
[9], osmolyte abundance is converted to a dry weight fraction,
w = Nosm ·MW/DW, where MW = 100 Da sets a representative CO
molecular weight and DW = 1013 g is the dry weight of a typical
bacterium.
721P=kT ¼ qosm
1 qvþ qþ Bq
2; ð2Þ
where in addition to the contribution from osmolyte concen-
tration qosm = Nosm/Vcyt, we include lowest order terms of
the virial expansion in concentration q = N/Vcyt of N macro-
molecular entities present in the cytoplasm-proteins, ribosomes
etc. The bound fraction of cytoplasmic water which features in
the osmolyte contribution Eq. (1) now couples to q, i.e.,
Vbound/Vcyt = qv, where v denotes a mean volume of bound
water per macromolecule.
The ﬁrst term of the virial expansion derives from the ideal
entropy of the macromolecules, while the q2 term accounts in
coarse fashion for their interaction. In the case of globular pro-
teins there exists, independently of speciﬁc target interactions,
an adhesive background attraction due to the free energy gain
e = 2  4kT of reversibly burying a surface-exposed hydropho-
bic residue in intermolecular contacts formed by random colli-
sion. Assuming this to be the dominant interaction-derived
contribution to turgor pressure, the second virial coeﬃcient
is given approximately by B = 2pead2/kT, where a denotes
the amino-acid lengthscale, and d is a characteristic lengthscale
for globular proteins (i.e., a typical eﬀective diameter) [3].
Substituting physical values a = 1 nm, d = 10 nm, we obtain
an order of magnitude estimate for B around 106 lm3. We
can also estimate the mean hydration shell volume v  ad2,
around 107 lm3. These choices for a and d are arguably
slightly too large. They are convenient for the primary present
purpose of rough qualitative exposition, but we should keep in
mind that the errors they represent may conspire to generate
an order of magnitude shift here or there in the following.
Deﬁned as in Eq. (2), turgor pressure constitutes a statistical
mechanical ‘equation of state’, amenable to inspection by stan-
dardmethods of thermodynamic analysis. The cytoplasm in this
description essentially follows the virial expansion template, in
that the attractive interaction represented by a negative value
of B drives a phase separation into regions of low/high density
q. However, our introduction into the virial expansion of a no-
vel ﬁrst term in qosm means that this phase separation is now
modulated by the presence of compatible osmolytes. Fig. 1 pre-
sents the locus (‘spinodal line’ [10]) of the instability, projected
into the space of Vcyt versus the abundance w of COs, as a frac-
tion of dry weight of the entire cell. This projection is revealing
because it illustrates the thermodynamic threat posed by large
changes in the amount of cytoplasmic water, as are known to oc-
cur under conditions of osmotic stress [11]. An obvious interpre-
tation of the ﬁgure is that, beyond their acknowledged role in
boosting turgor pressure, COs are also accumulated in order
to alleviate this threat; in eﬀect, to ‘salt in’ the components of
the cytoplasm, as intimated by the in vitro ﬁndings of Arakawa
and Timasheﬀ [8]. Parameter estimates pertinent to a typical
bacterium (ﬁgure caption) suggest that the instability is com-
pletely suppressed above a critical point around w = 15%. It is
interesting to note in this respect that experimentally deter-
mined glycine betaine abundance reaches up to 20% dry weight
in osmotically stressed E. coli cells [9].
There exists however an important proviso to the analysis of
Eq. (2), insofar as we have assumed that qosm remains roughly
constant; that is, the osmolyte molecules are assumed to re-
main uniformly dispersed over the cytoplasm, even as the spin-
odal line is approached and crossed. If this assumption does
not hold, then the cytoplasm is susceptible to a more general
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accompanied by osmolyte partitioning [12]. This would pre-
empt the spinodal of our calculation, and moreover, cancel
the salting-in eﬀect. To qualify the situation, we observe that
the intracellular pool of COs is not in strict thermodynamic
equilibrium, but is maintained in large part by a cycle of up-
take from the external environment and subsequent excretion
[13]. Hence, concentration qosm is subject to a dynamical turn-
over, and any equilibrium tendency to partition is washed out
on the timescale of this turnover [14].
There is ample scope for further circumspection, of course,
concerning the statistical mechanical methodology and
approximations we have used. For example, the contribution
to B of macromolecular volume exclusion is neglected, a recog-
nised signiﬁcant crowding eﬀect [1] likely to be of some rele-
vance here. Moreover, compatible osmolytes are themselves
considerably more complex and hybrid statistical mechanical
entities than our idealised representation gives them credit
for. Clearly, in these and other respects, the model risks a mis-
leading degree of oversimpliﬁcation. However, we have at least
demonstrated that a connection between selectable CO molec-
ular traits and global thermodynamic stability of the cyto-
plasm is physically plausible from a broad phenomenological
point of view. Such a connection prompts several novel osmo-
regulatory issues: To what extent are microbial organisms able
to osmosense the onset of thermodynamic instability, and
scavenge/synthesise COs accordingly? Do COs play a role in
regulating the presence of transient ‘microcompartments’
which have been observed in microbial cytoplasm [2,16], pos-
sibly signatures of some form of controlled, functionally direc-
ted phase separation? Issues of this nature will not be resolved
by empirical investigation alone. Cytoplasmic phase separa-
tion is notoriously diﬃcult to pin down in vivo, in part because
there is an inherent degree of conceptual ambiguity involved.
The cytoplasm is a conﬁned non-equilibrium system, whereas
phase separation in the strict macroscopic sense is an equilibrium
722 F.N. Braun / FEBS Letters 580 (2006) 720–722concept applicable only in the thermodynamic limit of inﬁnite
volume. It is important therefore to qualify experimental inves-
tigations theoretically, to the correct level of transparency. Sta-
tistical mechanical frameworks to this end should not be
needlessly complicated, their assumptions and limitations must
be clearly recognisable.
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